A family of orphan transporters has been discovered that are structurally related to the Na ؉ -Cl ؊ -dependent neurotransmitter transporters, including the dopamine transporter. One member of this family, the mouse XT2 gene, is predominantly expressed in the kidney and has 95% homology to rat ROSIT (renal osmotic stressinduced Na ؉ -Cl ؊ organic solute cotransporter). To study the physiological functions of this transporter, we generated XT2-knockout mice by gene targeting. XT2
The transport of hydrophilic substances across cell membranes is mediated by substrate-specific transporter proteins that can be classified into several families of related genes. Within these families, there are sequence homology and conservation of transmembrane domain topology. For example, the superfamily of sodium-and chloride-dependent transporter is comprised of transporters for neurotransmitters, amino acids, and organic osmolytes (11, 31, 36) . Based on the homology of transmembrane domains with those of the neurotransmitter family, a group of putative transporters (17) has been identified that includes XT2/ROSIT (16, 33) , XT3/rB21a (16, 27) , NTT4/XT1 (4, 12) , NTT5 (6) , and NTT7/v7-3 (24, 32) . However, studies in transfected cells and oocyte expression systems failed to determine conclusive substrate specificity (4, 16, 27) for this family of orphan transporters. Although sharing relatively high amino acid similarity (28 to 41%) with classical neurotransmitter transporter family members, these orphan transporters have larger second and fourth extracellular loops. In addition, relative to the family of neurotransmitter transporters, the cellular localization of these orphan transporters is more diverse (8, 13, 14, 16) . Based on sequence homology, we have cloned the XT2 gene in mouse (16) . We found that the XT2 gene is highly homologous to the ROSIT (renal osmotic stress-induced Na-Cl-organic solute cotransporter) that had previously been identified in rat (33) . ROSIT is expressed in the S3 segment of proximal tubules and has been shown to be upregulated during hypernatremic state and postischemic renal injury (18, 33) . Mouse XT2 cDNA is also expressed predominantly in the kidney. However, the substrate and physiological function of this orphan transporter is not known. In order to define the physiological functions of XT2, we generated mice with targeted disruption of XT2 gene. These studies have identified nonredundant functions of XT2 to promote renal glycine transport and to regulate blood pressure.
MATERIALS AND METHODS

Animals. XT2
Ϫ/Ϫ and XT2 ϩ/Ϫ mice, generated as described below, and wildtype mice with a mixed background, 3 to 6 months old, were obtained. Experimental protocols were in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, Md. [publication no. 865 -23] ) and approved by the Institutional Animal Care and Use Committee.
Generation of XT2-null mouse. The mouse XT2 gene was isolated from a 129/Sv genomic library. A targeting vector was constructed by using an 8-kb genomic DNA fragment containing exon 1 and intron 1. A DNA fragment containing the whole exon 1 and part of intron 1 was replaced by a 3.5-kb loxP-flanked Neo-TK selection cassette (Fig. 1A) , and a PGK-DT cassette was inserted upstream for negative selection. The vector was linearized at a unique NotI site and electroporated into RW4 embryonic stem (ES) cells. Homologous recombinants were screened from the G418-resistant colonies by PCR and confirmed by Southern blot analysis. Male chimeras produced by injection of targeted ES cells into C57BL/6J blastocysts were bred with C57BL/6J females.
Germ line transmission of the targeted mutation was screened by PCR and verified by Southern blot analysis of tail DNA. Heterozygotes were then mated with transgenic C57BL/6J mice carrying a CMV-Cre transgene (a gift from Yuan Zhuang at Duke University). Constitutively expressed Cre recombinase excises the loxP-flanked Neo-TK cassette, which renders heterozygous animals without the Neo-TK selection cassette (XT2 ϩ/Ϫ ). Crossing XT2 ϩ/Ϫ mice produces homozygous mutant, heterozygous, and wild-type mice. Animals of this generation were used for the studies reported. Mice were group-housed at two to five mice per cage with free access to food and water under a 12-h light-dark cycle.
Genotyping PCR and RT-PCR. The genotype of each individual in the knockout mouse colonies was determined by PCR. Two XT2 sequence-specific oligonucleotides were used for genotyping PCR: forward primer (5Ј-CAGTAGATG CGGGTGTTGAACA-3Ј; 139 bp upstream of the transcription start of XT2 gene) and reverse primer (5Ј-ACCAGGATGGGACTCAAAGACA-3Ј; 115 bp downstream of the 3Ј end of the first exon of XT2 gene). The expected PCR product is 526 bp in wild-type mice and 421 bp in knockout mice. To examine the expression of XT2 gene in mice, reverse transcription-PCR (RT-PCR) was performed with the RNAs from mouse kidney tissues. Kidney tissues were obtained from adult male mice sacrificed by decapitation. Total RNA was prepared by the TRIzol method as recommended by the manufacturer (Gibco-BRL). Reverse-transcribed mouse RNAs were obtained by using the OmniScript RNA PCR kit (Qiagen). The following XT2 sequence-specific oligonucleotides were used: forward primer 5Ј-CCTCAGGGATGGACCCGCTTGTG-3Ј (corresponding to nucleotides 11 to 33 of the XT2 cDNA coding sequence) and reverse primer 5Ј-ACCGTGTTGTAGTACAAACTGA-3Ј (complementary to nucleotides 327 to 350 of the XT2 cDNA coding sequence) (16) . RT was performed with 2 g of total RNA in a buffer containing 10 mM Tris-HCl (pH 8.3); 50 mM KCl; 5 mM MgCl 2 ; 2.5 M TTTTTT primer; 1 mM (each) dGTP, dATP, dTTP, and dCTP; and 50 U of Moloney murine leukemia virus reverse transcriptase incubated at 37°C for 1 h. The PCR amplifications were performed in the presence of 2 mM MgCl 2 , 0.15 M forward and reverse primers, and 2.5 U of Taq polymerase. After an initial incubation for 2 min at 95°C, samples were subjected to 40 cycles of 30 s at 92°C, 1 min at 56°C, and 1 min at 65°C. The PCR products were electrophoresed through 1.0% agarose gels containing ethidium bromide. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) sequence-specific primers were used to control for the quality and amount of RNA.
Urine collection. Individual XT2 Ϫ/Ϫ or wild-type mice were housed separately in metabolic cages with free access to food and water. Urine samples were collected during a 24-h period in a 6-ml tube with 1 l of concentrated (100 mg/ml) ampicillin-streptomycin solution at the bottom. A 1-ml urine sample was taken from each tube and centrifuged at 3,000 rpm at room temperature for 1 min to remove insoluble particles. An equal volume of methanol was added to the urine supernatant. After vigorous mixing, the white cloudy mixture was centrifuged at 14,000 rpm at room temperature for 2 min. The resulting clear supernatant was used for subsequent high-pressure liquid chromatography (HPLC) analysis or mass spectrometry measurement. VOL. 24, 2004 HYPERTENSION AND IMPAIRED GLYCINE HANDLING IN MICEHPLC analysis. Urine samples were first derivatized with O-phthalaldehyde (OPA) solution before they were loaded to a C18 Ultrasphere reverse-phase column (Beckman, Palo Alto, Calif.) according to the standard procedure of Fernstrom and Fernstrom (7) . Briefly, OPA was added to the methanol-treated urine to reach a final concentration of 10 mM. After a 2-min incubation at room temperature, the urine sample was centrifuged 10 min at 20,000 rpm, and the supernatant was filtered through a 0.2-m-pore-size filter. A 20-l portion of the filtered urine was injected into a HPLC system equipped with a calibrated C 18 column and a fluorescence detector. The column was eluted with a linear gradient of 20 to 40% acetonitrile.
Tandem mass spectrometry. A standard amino acid analysis protocol (26) was used for the analysis of urine samples. Blood samples from the orbital sinus of anesthetized mice were collected into a heparin-coated capillary tube. Plasma was separated by centrifugation. A 20-to 30-mg plasma sample was used for amino acid analysis. A total of 5 nmol of glycine and 1 nmol of synthetic peptide AVLMFYDER were added to each spot as an internal control.
Renal [ BBMV uptake. Brush-border membrane vesicles (BBMV) were isolated from the kidney cortex of wild-type or knockout mice according to the method of Zelikovic and Budreau-Patters as described previously (37), with minor modifications. Briefly, kidney cortex slices from three mice of the same genotype were homogenized in 15 ml of cold isolation buffer (50 mM mannitol, 1 mM MgSO 4 , 2 mM Tris, 3 mM HEPES [pH 7.1]). MgCl 2 (final concentration, 10 mM) was added to precipitate the intracellular and basolateral membranes. The final vesicle preparation was suspended in 296 mM mannitol-1 mM MgSO 4 -2 mM HEPES-Tris (pH 7.35), and the protein concentrations were ϳ10 mg of protein/ ml. Uptake of the radioactive amino acids was assayed by a Millipore filtration technique (35) .
Systolic blood pressure measurements in conscious mice. Systolic blood pressures were measured in conscious mice by using a computerized tail-cuff system (Visitech Systems, Cary, N.C.) that determines systolic blood pressure by using a photoelectric sensor. This system allows pressures to be measured in four mice simultaneously and minimizes the potential for observer bias. Before the study was initiated, mice were adapted to the apparatus for at least 5 days. The validity of this system has been established previously, and we have demonstrated its correlation with intra-arterial pressure measurements in several experimental systems (1) .
Effects of reduced dietary sodium or glycine supplement on systolic blood pressures. To determine the effects of glycine treatment on blood pressure, we measured systolic blood pressures in mice during glycine treatment. Glycine was added to drinking water at a concentration of 130 mM. Systolic blood pressures were measured at least five times per week during the 2 weeks of glycine treatment.
Renal hemodynamic studies. Clearances of inulin and glycine were measured in mice by using a procedure that has been described previously (5) . On the day of the study, animals were anesthetized with 0.04 mg pentobarbital and isofurane/g. The left carotid artery and left jugular vein were cannulated with polyethylene catheters (PE-10) for intravenous infusions to monitor mean arterial pressure and to allow intermittent sampling of arterial blood. After surgery, normal saline (2% of the body weight) was infused intravenously over 20 min to replace surgical losses. A priming dose of carboxyl-14 C-inulin and [ 3 H]glycine was given, followed by infusion of pentobarbitol, carboxyl-14 C-inulin and [ 3 H]glycine in normal saline at a rate of 25 l/min/100 g of body weight. The bladder was cannulated via a suprapubic incision with a PE-50 catheter. After 30 min of calibration, renal function was measured during three consecutive 30-min clearance periods. Carboxyl-14 C-inulin and [ 3 H]glycine in plasma and urine were measured in a liquid scintillation counter (Nuclear Chicago-TM Analytical, Inc., Elk Grove, Ill.). Clearances of inulin and glycine were calculated by using standard formulas. Using this method, the preparation was hemodynamically stable for up to 4 h, and renal function measurements were highly reproducible.
Statistical analysis. The value for each parameter within a group is expressed as the mean Ϯ the standard error of the mean. For comparisons between the groups, statistical significance was assessed by using an unpaired Student t test. A paired Student t test was used for comparisons within groups. Survival analysis during low-salt feeding was determined by chi-square.
RESULTS
Generation of XT2-null mice. To disrupt the gene encoding mouse XT2, we used a targeting construct in which exon 1 and a part of the first intron of the mouse XT2 gene were replaced by a loxP-flanked PGK-Neo/HSK-TK selection cassette (Fig.  1A) . Correctly targeted ES cells were identified, cloned, and expanded. Chimeric animals were generated by injection of blastocysts with the targeted ES cell lines. These chimeras transmitted the targeted XT2 locus to their progeny. These XT2 ϩ/Ϫ animals were crossed with transgenic CMV-Cre mice to remove the PGK-neo cassette to ensure that its presence would not interfere with the expression of neighboring genes. The deletion of the first exon of mouse XT2 gene in the homozygote knockout mice was confirmed by genotyping PCR (Fig. 1B) .
Among 186 offspring from heterozygous XT2 ϩ/Ϫ matings, the ratios of wild-type, heterozygous, and homozygous offspring were similar to the 1:2:1 Mendelian ratio (21% [ϩ/ϩ], 52% [ϩ/Ϫ], and 27% [Ϫ/Ϫ]), suggesting that the absence of XT2 gene function was not detrimental to fetal development or perinatal survival. Expression of XT2 mRNA was examined by RT-PCR and compared in the XT2-deficient and wild-type mice. As shown in Fig. 1C , while the XT2 cDNA was easily detected in wild-type mice, the specific PCR product could not be detected in XT2
Ϫ/Ϫ mice. The XT2 Ϫ/Ϫ mice developed normally, and they could not be distinguished from their wild-type littermates based on their external appearance. Similarly, pathological examination of a number of organs including the kidney did not reveal significant abnormalities (data not shown).
Abnormal urinary glycine excretion in XT2-deficient mice. The specific substrate for the XT2 transporter protein is unknown. Since it is most highly expressed in the kidney, we reasoned that the absence of the transporter might be associated with an abnormal loss of the substrate in urine. To examine this possibility, we collected urine from XT2 ϩ/ϩ and XT2 Ϫ/Ϫ animals and performed a whole-range analysis of mouse urine by using a HPLC-mass spectrometry. Although the excretory profiles were generally similar between the groups, we found an elution peak in the XT2 Ϫ/Ϫ mice that was not present in the wild-type controls. By mass spectrometry, this HPLC elution peak was demonstrated to consist of glycine (Fig. 2) . To determine whether XT2 deficiency caused a more generalized defect in amino acid handling, we used tandem mass spectrometry to assess the amino acid content of blood and urine in XT2 ϩ/ϩ and XT2 Ϫ/Ϫ mice (Table 1) . Concentrations of the 10 amino acids in blood that were examined were similar between the two groups. However, urinary glycine levels were consistently increased in the urine of XT2-deficient mice, and the urinary glycine/creatinine ratio was approximately three times higher in the XT2-deficient mice than wildtype controls (24.7 mg of glycine/mg of creatinine versus 5.8 mg of glycine/mg of creatinine, P Ͻ 0.05). In contrast, the XT2 mutation did not affect excretion of any of the other amino acids that were tested.
Renal accumulation of glycine is impaired in XT2-deficient mice. To determine whether the XT2 mutation affects renal handling of glycine, mice were injected with [ 14 C]glycine intraperitoneally and kidneys were perfused thoroughly with phos-phate-buffered saline, removed, sectioned, and [
14 C]glycine accumulation was determined by autoradiography. As can be seen in Fig. 3 , significant glycine accumulation is easily visualized in the outer medulla. However, in kidneys from XT2-deficient mice, no accumulation of [ 14 C]glycine could be detected above background levels.
Amino acids uptake by BBMV. To further examine the role of XT2 in amino acids reabsorption in the kidney, we compared the kinetic properties of amino acid uptake by BBMV prepared from XT2 ϩ/ϩ and XT2 Ϫ/Ϫ mice. Based on the methods used for the preparation of BBMV, this fraction was highly enriched for apical membranes. As shown in Fig. 4 , typical time-dependent accumulation of glycine into BBMV under Na ϩ gradient conditions was seen in the BBMV from wild-type animals with an overshoot of uptake above equilibrium at about 2 min. Although glycine reabsorption depended on sodium concentrations in both groups, the absolute rate of glycine reabsorption was significantly reduced in the XT2-deficient mice compared to wild-type control after 1, 2, 3, 4, and 5 min of incubation (P Ͻ 0.001).
We further examined the initial rate of glycine uptake at different concentrations of substrate (Fig. 5A) , the results are presented in an Eadie-Hofstee plot (Fig. 5B) . At all concentrations of glycine in the experiment, BBMV from knockout mice showed only a fraction of glycine uptake activity in contrast to that from wild-type mice. Nevertheless, the difference became smaller as the glycine concentration approached 1 mM. The Eadie-Hofstee plot revealed a two-component uptake system for wild-type sample. The high-affinity component had a K m of 8.9 M and a V max of 7.8 fmol/mg of protein, while the low-affinity component had a K m of 820 M and a V max of 690 fmol/mg of protein. In comparison, the XT2 Ϫ/Ϫ samples had no high-affinity component, and its low-affinity component was similar to that of the wild-type samples (K m ϭ 880 M), which suggested the vesicles from knockout mice might still Experiments to assess the glycine uptake activity of XT2 were also conducted in transfected cell culture system. Each of the six splice variants of XT2 (16) was transfected into HEK 293 cells or MDCK cells. However, none of the splice variants confer detectable plasma membrane glycine uptake activity to the cells (data not shown).
For comparison, uptake of leucine and methionine by BBMV was also examined (Fig. 6) . At all concentrations, no significant differences were detected in leucine and methionine transport between BBMV from wild-type and XT2-deficient mice. Thus, the absence of XT2 protein was associated with a specific defect in glycine transport by renal BBMV preparations.
Elevated blood pressure in XT2-deficient mice. To determine whether the XT2 gene plays a role in physiological regulation, we measured blood pressures in XT2 ϩ/ϩ and XT2 Ϫ/Ϫ mice by using computerized tail-cuff manometer. As shown in Fig. 7A , systolic blood pressure was significantly higher in XT2-deficient mice than in wild-type controls (127 Ϯ 3 versus 114 Ϯ 2 mmHg; P Ͻ 0.001). The elevated blood pressure in XT2-deficient mice was also maintained on both low-salt (Ͻ0.04% NaCl) and high-salt (6% NaCl) diets (Table 2) . Dietary glycine supplement lowers blood pressure in XT2-deficient mice. We next performed studies to determine whether there was an association between abnormal glycine handling and the development of hypertension in the XT2-deficient mice. To this end, we compared blood pressures in a group of XT2 Ϫ/Ϫ mice before and during supplementation with oral glycine. As shown in Fig. 7B , blood pressure fell significantly in XT2 Ϫ/Ϫ mice with glycine supplement from 127 Ϯ 3 to 115 Ϯ 3 mmHg (P Ͻ 0.005). A similar level of glycine supplement did not significantly affect blood pressure in wild-type mice (Fig.  7B) . Furthermore, two-way analysis of variance test confirmed that glycine causes a significant change to the systolic blood pressure of knockout mice (P ϭ 0.03).
DISCUSSION
As a prototypic orphan transporter, mouse XT2 has evaded previous efforts of substrate identification (16) . In the present study we disrupted the XT2 gene in mice in an attempt to identify its substrate specificity and physiological role. The knockout strategy utilized a Cre recombinase-mediated cassette deletion of the targeted locus of mouse XT2 gene where exon 1 and part of intron 1 were replaced. XT2-null mice exhibited no gross abnormalities and grew to adulthood, which facilitates the analysis of physiological consequence of XT2 gene knockout in adult mice.
Phenotypic characterization of the XT2 knockout mice re- 5 . Kinetics of glycine uptake by mouse kidney BBMV preparations. The conditions were the same as in Fig. 3 except that different concentrations of unlabeled glycine were added to the uptake mixture. The reaction was terminated after 30 s, and the residual radioactivity inside the vesicles was taken as the initial velocity of glycine uptake. (A) [ 3 H]glycine uptake was plotted against the concentrations of unlabeled glycine added; (B) the initial velocity of glycine uptake was plotted against the ratio of glycine uptake velocity and the total concentrations of glycine.
vealed that the XT2 transporter played an nonredundant role in renal glycine recycling. In contrast to their wild-type littermates, XT2 knockout mice excreted four times more glycine in their urine, and their kidneys had a reabsorption efficiency of ϳ75%. The deficiency of renal glycine reabsorption was also visualized by the absence of the glycine reabsorption band in the renal cortex from XT2 knockout mice. The apical membrane-enriched BBMV preparation from knockout mice showed dramatically decreased glycine uptake activity at substrate concentrations lower than 1 mM. Further analysis of the uptake kinetics by the Eadie-Hofstee method showed that the glycine uptake process was mediated by a two-component system. The two-component kinetics of glycine uptake in our experiments is consistent with previous studies in rats (3, 15, 30, 37) and rabbits (23, 35) . The high-affinity component of renal glycine reabsorption was found to be absent in the knockout mice. Therefore, these results suggest that XT2 mediates the sodium-dependent high-affinity reuptake of glycine on the brush border membrane of renal proximal tubule. However, none of the six splice variants of the XT2 gene increased the plasma membrane glycine uptake activity in culture cells. These results may not be totally unexpected as XT2 may require the coexpression of other cotransporters or accessory proteins to exhibit full activity. In fact, the renal cysteine transporter was shown to be a multimer consisting of different subunits (2, 22, 25) . Identification of such cofactors would be one of the major interests for future studies. The same groups of mice were given 0.1 g of glycine/ml in the drinking water. The blood pressure was measured at least five times during the 2-week testing period. a Both wild-type and XT2 knockout mice were fed with diets containing different salts (as described in Materials and Methods). The mean blood pressures are the averages of daily measurements of blood pressure during a 2-week period (n ϭ 12 for each genotype).
Glycine is a nonessential glucogenic amino acid that can be readily converted from serine. It is the simplest of all of the amino acids and can be synthesized from acetic acid and folic acid. Spillover of glycine in XT2 knockout mice does not affect their levels of glycine in plasma, which suggests that glycine can be generated sufficiently to compensate the continual loss of glycine. Nevertheless, plasma glycine is recycled in the kidney, and only a trace amount of glycine can be detected in urine of normal animals. Renal absorption of glycine has been detected in the S1, S2, and S3 segments of the proximal tubule. A recent study by Parks and Barfuss (20) suggested that proximal tubular transport of glycine consists of active luminal transport and passive paracellular transport across basolateral membrane. However, the passive transport of glycine in the proximal tubule can be bidirectional depending on the gradient of luminal and peritubular fluid. Since the concentration of glycine in the paracellular fluid rises as a consequence of active luminal glycine transport, its concentration may exceed that of luminal glycine, causing the back-leak of glycine into the lumen. The S3 segment of the proximal tubule exhibited the least paracellular blood to lumen flux of glycine compared to the other portions of proximal tubules. This would explain the modest reduction of renal glycine reabsorption in XT2-deficient mice.
Our data also suggest that the XT2-containing glycine uptake complex is specific for glycine. Previous studies have hypothesized that proline may share a transport system with glycine based on the observation that there is severe spillover of proline in the urine of humans with hyperglycinuria (9, 28). However, no apparent decrease in the reabsorption of proline was observed in our study, which suggests that XT2 might not contribute to the renal proline clearance. Despite the increase of leucine and methionine in the urine from XT2 knockout mice, detailed analysis of the renal reabsorption efficiency and in vitro uptake experiments showed that these two amino acids were reabsorbed into proximal tubules of knockout mice almost as efficiently as in wild-type mice.
Our animal model revealed an unexpected connection between renal glycine handling and blood pressure regulation. Blood pressures were increased by 15 to 20% in XT2-deficient mice compared to their wild-type littermates. The development of hypertension in the mice lacking XT2 is independent of dietary sodium intake since the disparity in blood pressure persisted in the face of extreme variations in dietary sodium intake. A causal role for glycine was demonstrated by our findings that the blood pressure of XT2-deficient mice fell significantly with the glycine supplements, whereas the same treatment had little effect on the blood pressure of wild-type mice.
A role for glycine in blood pressure regulation is not completely surprising. For example, glycine is a renal vasodilator that can modulate vascular tone and glomerular filtration (10, 19, 29) . These hemodynamic responses to glycine are lost in experimental hypertension (21) . Moreover, it has been suggested that deficiency of glycine during fetal development may cause blood pressure elevation (34) . The progeny of pregnant rats fed a low-protein diet develop hypertension (34) that can be prevented if the diet is supplemented with glycine. In contrast, supplementing the diet with alanine or urea does not ameliorate hypertension. Thus, we speculate that a relative deficiency of glycine in the kidneys of XT2-deficient mice may lead to elevated blood pressure because of impaired vasodilator mechanisms and/or through developmental effects that convey susceptibility to hypertension.
In summary, we have found that functional deletion of the XT2 gene produces hypertension in mice. XT2 gene deletion causes the elimination of high-affinity renal reabsorption of glycine and a decreased intrarenal glycine concentration. The elevated blood pressure appears to be attributable to a decreased renal glycine level. The exact molecular mechanism leading to the increase in blood pressure is unclear. However, the physiological events described here resulting from XT2 gene deletion may provide new insights into mechanisms for regulation of blood pressure by renal glycine and may lead to new therapeutic approaches for the treatment of hypertension.
